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Membrane OrderMozhgan Nazari, Mustafa Kurdi, and Heiko Heerklotz*
Leslie Dan Faculty of Pharmacy, University of Toronto, Toronto, Ontario, CanadaABSTRACT We propose classifying surfactants with respect to their effect on membrane order, which is derived from the time-
resolved fluorescence anisotropy of DPH. This may help in understanding why certain surfactants, including biosurfactants such
as antimicrobial lipopeptides and saponins, often show a superior performance to permeabilize and lyse membranes and/or
a better suitability for membrane protein solubilization. Micelle-forming surfactants induce curvature stress in membranes
that causes disordering and, finally, lysis. Typical detergents such as C12EO8, octyl glucoside, SDS, and lauryl maltoside initiate
membrane lysis after reaching a substantial, apparently critical extent of disordering. In contrast, the fungicidal lipopeptides sur-
factin, fengycin, and iturin from Bacillus subtilis QST713 as well as digitonin, CHAPS, and lysophosphatidylcholine solubilize
membranes without substantial, overall disordering. We hypothesize they disrupt the membrane locally due to a spontaneous
segregation from the lipid and/or packing defects and refer to them as heterogeneously perturbing. This may account for
enhanced activity, selectivity, and mutual synergism of antimicrobial biosurfactants and reduced destabilization of membrane
proteins by CHAPS or digitonin. Triton shows the pattern of a segregating surfactant in the presence of cholesterol.INTRODUCTIONMembrane lysis and solubilization by detergents and
surfactantlike biomolecules is a key phenomenon in many
biological functions and technical applications. The most
prominent examples are the leakage and lysis of cell
membranes by antibiotic (lipo)peptides (1) or antiseptic or
spermicidal agents (2) and the isolation and study of
membrane proteins (3).
The key property of a micelle-forming amphiphile insert-
ing into a lipid bilayer is its preference for a locally curved
interface (its spontaneous curvature) that is in conflict with
the, on average, planar topology of a bilayer. This misfit
causes a curvature stress, that is, a penalty to membrane
excess enthalpy (4,5) and free energy (5,6) and a strain dis-
ordering and thinning the hydrophobic core of the
membrane (7). Depending on the size and shape of their
polar and apolar parts, detergents can be weak or strong in
terms of inducing curvature stress (8) but nevertheless share
the same principal mode of membrane solubilization.
Similar excess enthalpies (5) and deuterium order parame-
ters (9) at the onset of solubilization have led to the hypoth-
esis of a critical curvature strain in the membrane that needs
little (typically, some 20–40 mol %) of a strong or much
(e.g., 60 mol %) of a weak detergent to be reached.
However, the fact that a variety of structural and kinetic
pathways has been described for different lipid-detergent
systems indicates that the state of such a system is not suffi-
ciently determined by its average spontaneous curvature
alone. Structural intermediates have been identified asworm-
like micelles, perforated vesicles, or bilayer sheets and disksSubmitted July 19, 2011, and accepted for publication December 9, 2011.
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0006-3495/12/02/0498/9 $2.00(10,11). Kragh-Hansen et al. (12) described two kinetic path-
ways—a transbilayer mechanism proceeding via membrane
destruction by inserted detergents, and amicellar mechanism
based on the appearance or persistence ofmicelles in solution
that extract lipid from the membrane upon collisions. The
usually slow, micellar mechanism may in particular apply
to surfactants that cannot translocate quickly to the inner
membrane leaflet; they give rise to a bilayer asymmetry stress
that opposes further uptake and favors the release of mole-
cules from the overpopulated outer leaflet (12,13).
Unspecific, detergentlike (14–16), or carpetlike (17) action
has also been discussed to account for the membrane-permea-
bilizing activity of certain antimicrobial peptides. These
molecules differ usually from the head-and-tail structure of
detergents but they share with detergents their amphiphilic
nature and the induction of curvature strain in membranes.
This is revealed, for example, by their ability to inhibit the tran-
sition to inverse hexagonal (18,19) or induce a micellar cubic
(Pm3n (20)) phase of a lipid. However, whereas such peptides
form membrane defects and toroidal pores that are similar to
those induced by detergents (21,22), they do so at much lower
concentration and with superior selectivity.
This raises the question whether there is a principal differ-
ence between the effects of surfactants on membranes that is
independent of spontaneous curvature and membrane
permeability. We have addressed this question by testing
the correlation between the lytic activity of surfactants
with their impact on overall membrane order, which is
directly related to curvature stress (see also Lafleur et al.
(7)). After obtaining first hints from deuterium NMR (9),
we have employed time-resolved fluorescence anisotropy
measurements of DPH and two of its derivatives here.
Briefly, the limiting anisotropy, rN, and rotational correla-
tion time, q, of the probes represent the order (constraintsdoi: 10.1016/j.bpj.2011.12.029
Heterogeneous Membrane Perturbation by Biosurfactants 499to molecular orientation) and dynamics (speed of rotational
motion) in the membrane. In some interesting studies,
particularly rN was shown to quantify the disordering effect
of detergents (2,23). Sy´kora et al. (24) showed that digitonin
retained a higher order as well as a better activity of a
G-protein than synthetic detergents.
We should mention that the detailed interpretation of DPH
fluorescence and anisotropy decays remains partially unclear
or controversial in spite of extensive, sophisticated studies.
For example, DPH was modeled to show a characteristic tilt
with respect to the membrane normal (the classical wobble-
in-cone model) or to tumble around the normal direction
(Brownian rotational diffusion model) (25,26). DPH was
argued to partition between two typical localizations in the
membrane: 1), essentially parallel to the chainswithin a given
leaflet, and 2), perpendicular to the chains between the two
lipid leaflets (27). TMA-DPH, an analogwith a cationic group
at one end, cannot localize in the center of the membrane but
might distribute between an inserted and interfacial orienta-
tion of the fluorophore (28). The fluorescence lifetime(s) of
DPH are affected by the exposure to water and DPH self-
quenching (29,30), but it is not straightforward to assign the
two lifetimes to two specific localizations because the decay
is biexponential even in an isotropic solvent (29). In
membranes with fluid and gel-state domains, DPH partitions
essentially equally between the phases but TMA-DPH and
DPH-PC show a preference for the fluid phase (31).
In our case, the coexistence of (potentially heteroge-
neous) membranes and different types of micelles renders
the physics of the fluorophore even more complex and
a detailed fit is not warranted. However, it turns out that
the comparison of the average (monoexponential) decay
behavior of DPH, TMA-DPH, and DPH-labeled phospho-
lipid (DPH-PC) in different systems and under different
conditions provides much insight even on a partially empir-
ical level. Fig. 1 shows the molecular dimensions of some of
the molecules used in our study.MATERIALS AND METHODS
Materials
Synthetic detergents C12EO8 (octaethylene glycol mono-dodecyl ether), OG
(n-octyl b-D-glucopyranoside), TX (triton X-100), LM (lauryl maltoside,FIGURE 1 Illustration of the molecular dimensions of some molecules
involved in the study.n-dodecyl-a-D-maltopyranoside), SDS (sodium dodecyl sulfate), CHAPS
(3-[(3-cholamidopropyl)-dimethylammonio]-1-propane sulfonate), and
lysoPC (1-lauroyl-2-hydroxy-3-phosphatidylcholine) were obtained from
Anatrace (Maumee, OH) in Anagrade purity (99% high-performance liquid
chromatography). Surfactins (SF), fengycins (FE), and iturins (IT) are
classes of closely related lipopeptides (see Ongena and Jacques (1) for an
overview) produced by Bacillus subtilis QST713 and were kindly provided
by AgraQuest (Davis, CA). Digitonin was purchased fromWako Chemicals
(Richmond, VA).
The lipid POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine)
was purchased from Avanti Polar Lipids (Alabaster, AL). The probes,
DPH (1,6-diphenylhexatriene), TMA-DPH (1-(4-trimethylammonium-
phenyl)-6-phenyl-1,3,5-hexatriene p-toluenesulfonate), and DPH-PC
(2-(3-(diphenylhexatrienyl)propanoyl)-1-hexadecanoyl-sn-glycero-3-phos-
phocholine) were from Molecular Probes Invitrogen (Eugene, OR). NaCl
(sodium chloride), Tris (tris(hydroxymethylo)-aminomethane), and EDTA
(ethylenediaminetetraacetic acid) were from Sigma-Aldrich (St. Louis,
MO) at the highest available purity. All samples were prepared in buffer
containing 100 mM NaCl, 10 mM Tris, and 0.5 mM EDTA in Millipore
water (Millipore, Billerica, MA), adjusted to pH 8.5.Samples
Lipid vesicles were prepared as described elsewhere (32). For anisotropy
experiments, the probe (DPH, TMA-DPH, or DPH-PC) was added to a solu-
tion of the lipid (POPC) in chloroform to establish a lipid/probe mole ratio
of 1:600. The solution was dried by a gentle stream of nitrogen, followed by
exposure to vacuum overnight. Then, the lipid was quantified gravimetri-
cally assuming an effective molar weight including one bound water mole-
cule per lipid (778 g/mol for POPC) as validated earlier by phosphorus
assays. Multilamellar suspensions of lipid were prepared by adding buffer
to each sample, vortexing, and six freeze-thaw cycles. Then, large unilamel-
lar vesicles were prepared by extrusion through Nucleopore filters of ~100-
nm pore size in a Lipex extruder (Northern Lipids, Burnaby, British
Columbia, Canada). The large unilamellar vesicles had a size of ~100 nm
as confirmed by dynamic light scattering. For isothermal titration calorim-
etry (ITC) experiments, the same protocol was followed without adding
probe.Fluorescence experiments
Typically, experimental series were carried out as titrations. Small amounts
of a stock solution of detergent micelles were added (keeping lipid dilution
small) sequentially to a starting sample of 2 mL, 2 mM lipid. For detergents
known to undergo a fast flip-flop between the leaflets of the bilayer
(C12EO8, TX, OG), the sample was stirred for 15 min after each injection
for equilibration. In series studying the other surfactants, the equilibration
was realized for at least 15 min at 65C followed by readjustment of the
experimental temperature, 20C. This procedure was based on the finding
that this temperature renders POPCmembranes permeable even for charged
surfactants such as SDS ((33), unpublished data for alkyl maltosides).
Series with individual samples and 1 h heat treatments as well as spot
checks with lipid and surfactant premixed in chloroform before extrusion
yielded no significant deviations.
Time-resolved anisotropy decays were recorded at 20.0C on a FL3
system (Horiba Scientific, Edison, NJ) utilizing time-correlated single
photon counting. Source of excitation was 340 nm LED pulsed at 1
MHz, and emission was detected at 425 nm (slit 5 nm, double-grated
monochromator) by a TBX detector (Horiba Scientific). Fluorescence
decays were recorded with horizontal and perpendicular orientations of
polarizers in the excitation and emission path, with automatic cycling
between the emission polarizer orientations every 60 s. The instrument
response function was recorded with a dilute Ludox scattering
dispersion.Biophysical Journal 102(3) 498–506
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follows a similar strategy to the one explained by Lakowicz (34). Briefly,
the fluorescence decays were analyzed by deconvoluting the sum of curves
obtained with the vertical and horizontal polarizer, IVV and IVH, with the
instrument response function using a biexponential decay model, consid-
ering the G-factor. Typical values of c2 were 1.5. Then, the difference signal
was deconvoluted with the exponential decay function obtained for the sum
signal to obtain the parameters of a monoexponential anisotropy decay
function,
rðtÞ ¼ ½r0  rN$exp
n
 t
q
o
þ rN; (1)
where the rotational correlation time, q, reflects the dynamics of the re-
orientation of the probe. The limiting anisotropy, rN, reflects constraints2
4
6
θ  
(n
s)to the motion of the probe and is related to membrane order. As discussed
above, the monoexponential model was chosen for the sake of stability,
even if nonrandom residuals were observed. The time window of the fit
wasz2400 channels (67 ns).
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FIGURE 2 Fluorescence properties of DPH derivatives in mixtures of
POPC and C12EO8 at 20
C as a function of the mole fraction of detergent
in mixed aggregates, Xe (see text). Measurements of limiting anisotropy
(A, rN), effective rotational correlation time (B, q), and average lifetime
(C, hti) of DPH (spheres), TMA-DPH (down-triangles), and DPH-PC
(squares). (Vertical grid lines) Pseudophase boundaries of solubilization
(dashed) and the midpoint of a broad transition from cylindrical (cyl) toOther techniques
Isothermal titration calorimetry (ITC) was performed as described else-
where (32) using a VP ITC (MicroCal, Northampton MA). For the solubi-
lization experiment, the syringe is loaded with a relatively highly
concentrated, micellar solution of the surfactant (150 mM of OG in the
example shown) and a series of injections is carried out into the calorimeter
cell (z1.5 mL) originally filled with a 2 mM dispersion of POPC vesicles.
The onset and completion of solubilization become visible as break points
of the normalized heat of titration. Injection volumes were varied between 2
and 15 mL and waiting times after each injection were set to 40 min to
ensure complete equilibration.
Dynamic light scattering as shown for SF-POPC mixtures was done in
a Nano ZS system (Malvern Instruments, Malvern, UK), utilizing noninva-
sive backscattering at 173 at a wavelength of 633 nm. The measurements
were done with the samples used for the DPH experiments before.spherical (sph) micelles (dotted) (35).RESULTS
Fig. 2 illustrates the effects of the detergent C12EO8 on the
order and dynamics of POPC membranes in terms of
the decay parameters of the three probes as a function of
the mole fraction of the detergent in mixed aggregates
(membranes and/or micelles), Xe.
Xe was calculated according to (see (5))
Xe ¼ cD;e
cL þ cD;e ¼
KcD
1þ KðcL þ cDÞ; (2)
with cD denoting the total detergent concentration, cD,e the
concentration of aggregate-bound detergent, cL the lipid
concentration (assumed to be completely aggregate-bound),
and the mole-ratio partition coefficient K. For C12EO8, we
used K ¼ 6/mM (5); variations of K(Xe), particularly
between bilayers and micelles, have no significant effect
on the plot. This system forms mixed membranes at Xe up
to Xsate ¼ 0.31, a coexistence of mixed membranes
with wormlike micelles in the range between Xsate and
Xsole ¼ 0.62, only wormlike micelles at Xsole , and a gradual
transition between wormlike and small quasispherical
micelles centered at Xez 0.85 ((35), see vertical grid lines
in Fig. 2).Biophysical Journal 102(3) 498–506Inspection of Fig. 2 A reveals immediately that the phase
boundaries correlate with break points in the rN(Xe) curves
of all three probes. Addition of C12EO8 into membranes
causes a disordering represented by decreasing rN. A local
minimum of rN is obtained at the maximal detergent
content in membranes, at Xsate . The progressive formation
of wormlike micelles between Xsate and X
sol
e increases rN
of all DPH probes. After a local maximum at Xsole , the
micelles are gradually converted into small, quasispherical
micelles and rN decreases concomitantly.
The rotational correlation times of the three probes show
no break points and only minor trends. The average fluores-
cence lifetimes (Fig. 2 C) decrease weakly (DPH, DPH-PC)
or significantly (TMA-DPH) with increasing detergent
content. Resulting from biexponential fits of the sum of
decays, these trendsmainly reflect a decrease in the prefactor
of the longer lifetime, t2z 9 ns. We hypothesize that abso-
lutely lower and more strongly decreasing hti of TMA-DPH
reflects its higher water exposure due to a more interfacial
average location and a rougher and more dynamic interface
of micelles compared to membranes.
Fig. 3 shows the analogous data for mixtures of POPC
with OG. An ITC solubilization experiment (Fig. 3 A)
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FIGURE 3 ITC solubilization experiment (A) and fluorescence proper-
ties of DPH derivatives (B–D) in mixtures of POPC with OG at 20C as
a function of the mole fraction of detergent in mixed aggregates, Xe, as
calculated by Eq. 2 using K z 0.1 mM1 (5). (A) 150 mM micellar OG
was titrated into 2 mM to establish Xsate and X
sol
e (see vertical grid lines).
(B–D) Measurements of limiting anisotropy (rN), effective rotational corre-
lation time (q), and average lifetime (hti) of DPH (spheres), TMA-DPH
(down-triangles), and DPH-PC (squares).
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FIGURE 4 Dynamic light scattering (A) and DPH-fluorescence (B–D)
data of mixtures of POPC and surfactins from Bacillus subtilis QST713
as a function of the effective mole fraction of the surfactin. The z average
hydrodynamic size (A) confirms the onset and completion of solubilization
published for a closely related system (illustrated by gray, dashed, and
vertical grid lines). Panels B–D show fluorescence parameters of DPH
derivatives (conditions and symbols are analogous to those in Figs. 2 and 3).
Heterogeneous Membrane Perturbation by Biosurfactants 501injecting 150 mM OG into 2 mM POPC was performed
to establish the phase boundaries at 20C, Xsate z 0.61 and
Xsole z 0.65 in line with comparable references. Fig. 3, B–D,
shows the analogous pattern as seen in Fig. 3 for C12EO8:
rN(Xe) shows a minimum at the onset and maximum at the
completion of solubilization. The average lifetime, hti, of
TMA-DPH is shorter and drops upon solubilization. As for
C12EO8, DPH-PC shows a moderate increase of q with
increasing detergent content in the membrane.
The results for surfactin lipopeptides differ qualitatively
from those for typical detergents described above, particu-
larly in the mixed membrane range at Xe < X
sat
e (Fig. 4).
The grid lines indicating Xsate and X
sol
e are derived from
comparable literature data (5,36) and supported by the steep
decrease of the average particle size (Fig. 4 A). SF induces
only very little disordering as revealed by rN of all three
probes. In contrast to the detergents in Figs. 2 and 3, it
causes a slight increase in q (slower reorientation) and a
slight increase of hti of DPH, suggesting a slower dynamics
and better screening from water in SF-containingmembranes and micelles. As seen for detergents, rN
increases upon membrane-micelle conversion and decreases
again with decreasing lipid content of the micelles.
Fig. 5 A compares the effects of C12EO8 (from Fig. 2 A),
OG (from Fig. 3 B), and Triton TX-100, respectively, on rN
of DPH as a function of detergent concentration (log scale).
The stars mark the values of rN at the onset of solubilization
as estimated from literature data (5) and ITC measurements
(not shown) for OG/POPC, OG/POPC þ Chol, and TX/
POPC þ Chol. For C12EO8 at 20C and 10C and TX at
20C, rN shows a local minimum at Xsate (at the star); the
minimum is much less pronounced for OG, which has an
extremely narrow coexistence range.
The curves for C12EO8 and OG in Fig. 5 show the
following general features:
1. Membranes with higher original order may also break
(start becoming solubilized) at higher order.
2. More ordered membranes are more susceptible to the
disordering effect of these detergents as indicated by
a steeper decrease of rN (cD).Biophysical Journal 102(3) 498–506
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FIGURE 5 Effects of C12EO8 (up-triangles), OG (hexa- or pentagons),
and in two cases TX (circles) on the limiting anisotropy, rN, as a function
of the total surfactant concentration, cD (the lipid concentration isz2 mM).
The panels represent different membrane conditions, such as POPC at 20C
(A), POPC at 10C (B), and POPC plus 25 mol % of cholesterol at 20C (C).
(Dotted grid lines) rN ¼ 0.01, considered critical disordering for POPC at
20C (see Figs. 2 and 3); (stars) position of a curve that corresponds to the
onset of solubilization for systems where this is known (see text).
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FIGURE 6 Concentration-dependent effect of surfactants on membrane
order as represented by the limiting anisotropy of DPH, rN, as a function
of the total concentration of surfactants, cD, including dodecyl maltoside
(LM, open circles), iturin (IT, hexagons), and lauroyl lysophosphatidylcho-
line (lysoPC, squares) in the top panel and sodium dodecyl sulfate (SDS,
down-triangles), CHAPS (pentagons), fengycin (FE, circles), and digitonin
(digi, diamonds) in the bottom panel. For LM, CHAPS, and FE, the point on
the curve that corresponds to the onset of solubilization is marked by a star,
respectively. (Dotted grid line) Value of rN ¼ 0.01 representing critical
disorder in Figs. 2 and 3: it is reached by LM and SDS but not by CHAPS,
FE, IT, lysoPC, and digi. All curves were recorded atz2 mM POPC, DPH/
POPC ¼ 1:600 mol/mol, 20C. Note that the threshold concentrations
observed here apply toz2 mM lipid only and are not directly comparable
to the minimum inhibitory concentrations, for example.
502 Nazari et al.3. The lytic concentration, Xsate , is hardly affected: higher
initial order of a membrane does not protect a membrane
against solubilization by a disordering detergent.
4. For each individual membrane condition, the critical
order (rN at the minimum) is essentially the same for
C12EO8 and OG, respectively. It seems to be a property
of the membrane primarily, not of the detergent.
For Triton, these apparent rules (which will be discussed
below to apply to homogeneously disordering surfactants)
do not apply, particularly in the presence of cholesterol.
Then, Xsate is significantly reduced and the minimum rN is
substantially higher than those caused by OG or C12EO8.
Fig. 6 compiles the curves of rN of DPH versus cD for
a number of additional surfactants. SDS and LM share the
principal behavior of the detergents C12EO8, OG, and TX
(in the absence of Chol), as illustrated in Fig. 5. They
disorder the membrane to a minimum value of rN z
0.005–0.01. In contrast, CHAPS and the biosurfactants
iturin (IT), fengycin (FE), digitonin (digi), and, lysoPC
agree with SF in causing no or little membrane disordering
so that rN of DPH in POPC at 20
C remains above 0.02.
Reference data about the onset of solubilization (see stars
in Fig. 6) are available only for FE, CHAPS (37,38), andBiophysical Journal 102(3) 498–506SDS (from dynamic light scattering of 65C-equilibrated
samples, not shown). Membrane solubilization by FE causes
a modest increase in order. CHAPS seems to cause a slight
membrane disordering that is relaxed before the onset of
solubilization, which does not cause any significant further
increase in rN.DISCUSSION
Homogeneous membrane disordering by typical
detergents
Let us first consider the detergents (C12EO8, OG, LM, SDS,
and TX-100 in POPC) that initiate solubilization after
disordering the membrane to a substantial, common degree
(reflected by rN < 0.01 in POPC at 20
C). This is, in fact,
what one should expect for detergents disrupting the
membrane by curvature stress. A straightforward, quantita-
tive criterion for curvature strain (39) has been derived from
Israelachvili’s packing parameter concept (40), expressing
the half-thickness of the hydrophobic core of the membrane,
‘, as
Heterogeneous Membrane Perturbation by Biosurfactants 503‘ ¼ X
b
SvS þ

1 XbS

vL
XbSAS þ

1 XbS

AL
: (3)
XbS denotes the mole fraction of surfactant in the membrane
(¼ Xe in the absence of micelles), vS and vL represent the
partial volumes of the hydrophobic parts of surfactant and
lipid, respectively, and AS and AL their partial areas at the
interface. This equation assumes a planar bilayer and
a smooth interface and represents the trivial fact that the
hydrophobic parts have to fill the volume determined by
the interfacial area multiplied by ‘. A positive curvature
strain is represented by a large AS and/or small vS so that
‘ < vL/AL.
Let us use Eq. 3 to estimate the impact of C12EO8 and OG
on ‘ of a POPC membrane. We use vL ¼ 946 A˚3 and AL ¼
65 A˚2 for POPC, Tanford’s (41) formula vS ¼ nC 
26.9 A˚3 þ 27.4 A˚3 yielding vS of 296 A˚3 and 243 A˚3 for
C12EO8 (nC ¼ 12) and OG (nC ¼ 8), respectively. For inter-
facial areas we use the published values of 116 A˚2 for
C12EO8 (42) and 51 A˚
2 for OG (43). The predicted hydro-
phobic monolayer thickness, ‘(XbS), is plotted in Fig. 7.
It is intriguing that both curves reach the same value of
‘sat z 9 A˚ at their respective XbS ¼ Xsate of 0.31 (C12EO8
(35)) and 0.61 (OG, Fig. 2 and (44,45)), when the
membranes become disintegrated. It appears that at this
point, the free energy of the curvature stress suffices to
initiate micelle formation. Kinetically, this may proceedFIGURE 7 Schematic representation of the effect of detergents, C12EO8
and OG, on the half-thickness of the hydrophobic core of the membrane, ‘,
as predicted by Eq. 3 using parameters mentioned in the text. XbS denotes the
mole fraction of detergent in the bilayer (¼ Xe in the absence of micelles);
the curves end at the onset of solubilization (stars). The agreement of ‘ at
the onset of solubilization by the two detergents implies a common, critical
degree of membrane disordering.via transmembrane or micellar mechanisms (12), illus-
trating that the latter classification is independent of the
one proposed here.
Mixtures of two or more homogeneously disordering
detergents should have additive effects on membrane order
as modeled elsewhere (37), whenever all interfacial areas
(and hydrophobic volumes) are additive.
Summarizing, the critical disordering found here (Figs. 2
and 3, LM in Fig. 6) agrees with the theoretical prediction
for a homogeneous membrane (Fig. 7) and with results of
probe-free NMR and calorimetric experiments. An inhomo-
geneous distribution of the probes is very unlikely to
substantially perturb the results given that all three probes,
which should have different domain preferences (31), report
the same behavior. This provides strong support for the
hypothesis that these detergents initiate solubilization of a
homogeneously mixed membrane at a critical curvature
stress and that the latter is properly reported by rN of
DPH analogs. DPH anisotropy studies seem to be a new,
valuable tool to detect the onset and completion of
membrane solubilization by these detergents (as local
minima and maxima of rN).Heterogeneous perturbation and solubilization
The Bacillus subtilis QST713 lipopeptides surfactin, fengy-
cin, and iturin as well as digitonin, lysolecithin, and CHAPS
are all known to form micelles (i.e., to prefer aggregates
with positively curved interface) and, thus, solubilize lipid
membranes. In fact, where the lytic concentration, Xsate , is
known, it is unusually low (0.05 for FE (38), 0.1 for CHAPS
(37), 0.18 for SF (36)). This requires a particularly strong
perturbation of the membrane, but this is not detected in
terms of a substantially decreasing DPH order.
We propose that this lack of a substantial change in DPH
order provides evidence for the system showing what we
refer to as ‘‘heterogeneous perturbation’’: the disruption of
the membrane is localized to specific membrane defects
whereas the order in the bulk of the membrane is little
affected.
A straightforward, possible explanation is that the deter-
gent mixes poorly with the lipid and segregates within the
membrane into detergent-rich clusters that disrupt the
membrane locally whereas most of the membrane area
(where also most of the DPH is located) is little affected.
Failure of the detergent to mix with the lipid can also drive
a segregation of the detergent from the membrane so that
micelles form spontaneously in the aqueous phase (12).
Finally, one should be aware of the fact that membrane
thinning by chain disordering is not the only possible way
to accommodate curvature stress. A gel phase with its
perfectly ordered chains cannot be disordered but matches
the lateral areas of chains and headgroups by a collective
tilt (Lb0 phase) or interdigitation of the chains. This seems
uncommon for fluid membranes but NMR measurementsBiophysical Journal 102(3) 498–506
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chains caused by surfactin (9). Thinner membranes with
tilted chains are likely to break at packing defects between
more ordered clusters, which may also accumulate surfac-
tant. To which extent each of these effects contributes to
the phenomenon of solubilization without prior, substantial
reduction of rN remains to be elucidated. However, it is
noteworthy that all these effects assume solubilization
to be initiated in local membrane defects and we, there-
fore, refer to them as ‘‘solubilization by heterogeneous
perturbation’’.Triton mixes with POPC but gets segregated in
the presence of cholesterol
The behavior of Triton illustrates that the homogeneous
versus heterogeneous mode of solubilization depends on
both surfactant and lipid(s). Fig. 4 shows that TX acts on
POPC as expected for a homogeneously disordering deter-
gent. However, in a membrane of POPC with 25 mol % of
Chol, it behaves as a heterogeneously perturbing, segre-
gating surfactant instead. It induces solubilization at an
average rN of DPH that is well above that for OG and
C12EO8 in the same membrane and it initiates solubilization
at lower csatD than in the absence of cholesterol. The down-
shift in Xsate is probably even more pronounced than the
one in csatD given that cholesterol also typically decreases
K (5).
This finding is in line with the fact that Triton shows
unfavorable mixed pair interactions with cholesterol (46)
and can, typically in contrast to OG, produce detergent-
resistant membrane fragments from cholesterol-containing
membranes by inducing, stabilizing, and/or coalescing
ordered domains (5,47).Functional consequences of heterogeneous
perturbation
Heterogeneous perturbation as described here may account
for a number of peculiar properties, such as: 1), Very low
active concentration for the onset of membrane lysis (low
Xsate ), because the local concentration in a defect may be
much higher than the average Xe. 2), Enhanced membrane
selectivity (see, e.g., shift in csatD of TX, Fig. 4), because
miscibility depends on specific molecular properties
whereas curvature stress is less specific. 3), Synergistic
action in mixtures, if one component induces cosegregation
of another. 4), Relatively high order in mixed micelles. This
can be expected if the surfactant fails to disorder neigh-
boring lipids (so that membrane curvature strain requires
a tilt instead). Poor miscibility in a micelle may give rise
to a bicelle or small, ellipsoidal micelle with a lipid-rich
core and surfactant-rich perimeter. This may explain why
antibiotic biosurfactants with a major function to kill other
cells (without a need to completely dissolve them) are foundBiophysical Journal 102(3) 498–506to be heterogeneously perturbing, whereas classic deter-
gents used for solubilizing other molecules in their micelles
(governed by Xsole , not X
sat
e ) are well miscible with lipids and
cause homogeneous disordering.
The concept of heterogeneous perturbation supports the
hypothesis of Sy´kora et al. (24) that the good tolerance of
digitonin by membrane proteins is related to high order
(quantified by rN of DPH) in the aggregates. It is also likely
to apply to the triple-detergent mixture comprising dodecyl
maltoside, CHAPS, and cholesteryl hemisuccinate (48). The
high order retained in the membrane upon solubilization
and even in the micelles may avoid a destabilization and
conformational change of the protein. Enhanced contact
with lipids in the core of a micelle may stabilize a protein
as well (49). The two solubilization scenarios may also
explain the variety of structural pathways of solubilization.
Homogeneous disordering as described here is quantified in
terms of a single parameter and systems sharing the same
average spontaneous curvature (or ‘) should therefore also
share the same structure. It typically leads to cylindrical
micelles, an aggregate of largely homogeneous, one-dimen-
sional curvature that is intermediate between those of bila-
yers and spherical micelles. Heterogeneous perturbation
may favor structures with different local curvatures such
as perforated vesicles (10). In the case of bicelles, the
limited miscibility of short-chain diacyl lipids with fluid
membrane lipids gives rise to a segregation into surfac-
tant-depleted bilayer and surfactant-rich, defect regions
with pseudomicellar topologies that constitute rims of pores,
bilayer fragments, or disk micelles (50).CONCLUSIONS
Describing the activity of surfactants to permeabilize and
solubilize lipid membranes, it is very useful to distinguish
between homogeneously and heterogeneously membrane-
perturbing surfactants.
Homogeneously disordering surfactants destroy the
membrane when a critical curvature stress is reached. Their
threshold concentration to lyse membranes can be estimated
simply on the basis of their partition coefficient, headgroup
size, and hydrophobic group volume. Our data suggest that
typical synthetic detergents act by homogeneous disorder-
ing. This appears to be in line with their function to solubi-
lize a maximum of cargo molecules in their micelles with
minimum specificity.
We propose that surfactants initiating membrane lysis
without a prior, substantial decrease in the limiting anisot-
ropy, rN, of DPH and its analogs can be classified as hetero-
geneously membrane-perturbing surfactants. They disrupt
membranes locally in surfactant-rich defect structures.
Heterogeneous perturbation may account for the superior
activity, selectivity, and mutual synergism of antimicrobial
biosurfactants, such as lipopeptides and saponins, to kill
target cells by permeabilizing their membrane. It may also
Heterogeneous Membrane Perturbation by Biosurfactants 505be favorable for membrane protein isolation because it
avoids strong disordering and thinning of the protein’s envi-
ronment and may give rise to heterogeneous micelles with
a core that is relatively rich in lipid and, possibly, sterol.
Time-resolved fluorescence anisotropy of DPH and its
analogs serves to distinguish between homogeneously and
heterogeneously membrane-perturbing surfactants.
Furthermore, our data suggest that the onset and comple-
tion of solubilization by membrane-disordering surfactants
can be identified as local minimum and maximum of the
composition-dependent, limiting anisotropy.
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